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ABSTRACT
We present a detailed photometric study of a sample of 22 edge-on galaxies with clearly vis-
ible X-shaped structures. We propose a novel method to derive geometrical parameters of
these features, along with the parameters of their host galaxies based on the multi-component
photometric decomposition of galactic images. To include the X-shaped structure into our
photometric model, we use the IMFIT package, in which we implement a new component de-
scribing the X-shaped structure. This method is applied for a sample of galaxies with available
SDSS and Spitzer IRAC 3.6 µm observations. In order to explain our results, we perform re-
alistic N -body simulations of a Milky Way-type galaxy and compare the observed and the
model X-shaped structures. Our main conclusions are as follows: (1) galaxies with strong X-
shaped structures reside in approximately the same local environments as field galaxies; (2)
the characteristic size of the X-shaped structures is about 2/3 of the bar size; (3) there is a
correlation between the X-shaped structure size and its observed flatness: the larger structures
are more flattened; (4) ourN -body simulations qualitatively confirm the observational results
and support the bar-driven scenario for the X-shaped structure formation.
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1 INTRODUCTION
Galaxies with boxy/peanut-shaped (B/PS) bulges were found
as a curious deviation from normal galaxies with spherical-
shaped bulges by Burbidge & Burbidge (1959). It is known
now that the B/PS features are rather common in galaxies:
the modern estimations of their probability vary from 20%
(Yoshino & Yamauchi 2015) up to 40-45% (Lütticke et al. 2000;
Laurikainen & Salo 2016) among all disc galaxies observed edge-
on. Erwin & Debattista (2017) found that the frequency of these
features in disc galaxies strongly depends on the galaxy mass and
Hubble type: the B/PS fraction is higher in massive S0-Sa galaxies
than in the other types.
As Bureau et al. (2006) found for a sample of 30 edge-on
galaxies observed in the K-band, the galaxies with a B/PS bulge
tend to have a more complex morphology than galaxies with other
bulge types. These galaxies harbour the centered or off-centered
X-shaped structures, secondary maxima of brightness along the
major-axis, and spiral-like structures. Their surface brightness pro-
files are also more complex than in the galaxies with classical
bulges: usually they have breaks in their profiles (Freeman Type
II profiles, Freeman 1970).
⋆ E-mail: s.s.savchenko@spbu.ru
Infrared observations and photometry of the red clump stars
in the Galactic bulge revealed that our Galaxy also contains a cen-
tral X-shaped structure (Laurikainen et al. 2014; Nataf et al. 2015;
Ness & Lang 2016). In the recent work by Ciambur & Graham
(2016) the first attempt to quantify the properties of B/PS-structures
is made. They used the Fourier analysis to describe the surface
brightness distribution in the central regions of galaxies and re-
trieved some parameters of the X-shaped structures, such as their
sizes both in radial and vertical directions with respect to the galac-
tic midplane, the integrated ‘strength’, and the peak amplitude of
the B6 Fourier component.
A commonly accepted model of a B/PS feature formation is
the buckling instability of a galactic bar (Pfenniger & Friedli 1991;
Athanassoula & Misiriotis 2002). The initially flat bar buckles via
the vertical resonance of stellar orbits and becomes thicker. The fi-
nal observed X-shaped structure is made with a set of these res-
onance orbits (Combes et al. 1990). This scenario was first ob-
tained in the N-body simulations by Combes & Sanders (1981),
who found that the B/PS-bulges were formed shortly after the bar
formation. Patsis, Skokos & Athanassoula (2002) studied the for-
mation of the X-shaped structures from the point of view of in-
dividual orbits and found a set of orbit families, a combination of
which appears to be X-shaped when viewed edge-on. The evolution
of the bar vertical shape including the development of the X-shaped
c© 2017 The Authors
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appearance as a result of a recurrent buckling, is demonstrated in
Martinez-Valpuesta, Shlosman & Heller (2006).
Observational evidence of the relationship between X-shaped
structures and bars was provided by Bureau & Freeman (1999),
where the position-velocity diagrams were used to show that almost
all edge-on galaxies with the B/PS inner isophotes also host a thick
bar. These findings were confirmed by Chung & Bureau (2004),
who considered 24 edge-on galaxies with X-shaped structures, and
demonstrated that 22 of them show clear kinematic bar signatures.
Kinematic identification of X-shaped structures for face-on galax-
ies was performed in Méndez-Abreu et al. (2008).
Another argument for the bar driven scenario of X-shaped
structures is cylindrical rotation (∂v/∂ |z| ∼ 0) inside of
these features (Combes et al. 1990). While it is usually the case,
Williams et al. (2011) have found a counterexample in their study
of five edge-on galaxies: the galaxy IC 4767 does not rotate cylin-
drically, though it has peanut-shaped central isophotes. The dark
halo with the reduced central concentration is required to explain
these observations (Athanassoula & Misiriotis 2002).
Another prominent morphological feature in the central re-
gions of many disc galaxies is a barlense (Laurikainen et al. 2011).
The barlenses and X-shaped structures are considered to be physi-
cally the same phenomenon (Laurikainen & Salo 2017). They have
very similar colours, and both features are thick in the comparison
with the thin bar (Herrera-Endoqui et al. 2017), which suggests that
these structures are results of the bar secular evolution. The appear-
ance of these structures depends on the galaxy orientation, cen-
tral flux concentration, and the steepness of the rotation curve in
the central regions (Laurikainen & Salo 2017; Salo & Laurikainen
2017).
Although historically these structures are called B/PS-bulges,
the formation mechanism described above suggests that they
have little in common with bulges. In this regard, following
Patsis, Skokos & Athanassoula (2002), we avoid using the word
“bulges” and refer to them as the “X-shaped structures” (or just
“X-structures”) instead.
The vertical structure of these features is more profound if a
galaxy is seen at the edge-on orientation. However, even in this case
an automated retrieval of the parameters of X-shaped structures is a
challenging task because the light from the bulge and the disc dom-
inate in the central regions of the galaxy. One approach to solve this
problem is to enhance the appearance of the X-shaped structure by
some image processing techniques (e.g. using the unsharp masking
algorithm presented by Bureau et al. 2006).
In this work we propose a new approach to the estimation of
the X-structure parameters. We describe an algorithm which allows
us to derive geometrical parameters of the X-structure, along with
the parameters of their host galaxies, via a photometric decom-
position procedure. This allows us to separate the light of the X-
structure from the light of the host galaxy. Once the model image
of the host galaxy is obtained, it can be then subtracted from the
galaxy image, leaving the X-structure clearly visible.
To interpret the results of our method, we perform theN -body
simulations of a disc galaxy, in which we clearly observe the emer-
gence of an X-structure. Then we compare the observed X-structure
parameters with those obtained in our N -body simulations.
The structure of the paper is organized as follows. In Sect. 2,
we describe our sample of galaxies with visible X-structures. In
Sect. 3, we outline the algorithm which we apply for the selected
sample. The results of our investigation are shown in Sect. 4. In
Sect. 5, we describe the method of constructing our N -body mod-
els that produce the X-structures, and analyze the obtained results.
General conclusions are given in Sect. 6.
2 THE SAMPLE
Our sample of galaxies with the X-shaped structures is drawn from
the EGIS catalogue (Bizyaev et al. 2014), which contains 5747
edge-on galaxies. To form the sample of galaxies with prominent
X-structures, we visually inspected SDSS1 images of the EGIS
galaxies. We considered all (2021) galaxies with diameter esti-
mated within the limits at the level of signal-to-noise of 2 per
pixel in the r band larger than 1 arcmin, and selected galaxies
with noticeable central X shapes. Only the galaxies with X-shaped
structures are included in our sample. Although galaxies with cen-
tral boxy regions represent the same structures viewed end-on
(Combes & Sanders 1981), we do not consider these objects in our
work.
The final sample of the galaxies with X-shaped structures
comprises 151 objects in total. From our visual inspection, only a
small part of the galaxies in the sample show no dust lanes. The X-
structure may not be clearly seen due to the dust attenuation, and/or
the orientation of the bar towards the observer, and/or a small an-
gular size of the X-structure in a majority of the inspected objects.
The fact that only 7.5% out of the 2021 EGIS galaxies are
selected as the galaxies with X-structures indicates that only the
brightest, well-seen X-structures were identified.
While a prominent dust lane can signify whether a galaxy
is viewed perfectly edge-on, it also severely affects derived struc-
tural parameters of edge-on galaxies. The influence of dust is sig-
nificantly diminished when going from the optical SDSS bands
to the near-infrared (NIR) domain. To study parameters of the
X-structures in a NIR band, we added images of three galaxies
(IC 2531, NGC 4013, and NGC 5529) observed at the 3.6 µm with
the Spitzer infrared telescope (IRAC, Fazio et al. 2015). IC 2531
does not fall into the SDSS DR12 footprint, whereas the other two
galaxies do, but their discs and X-structures are severely distorted
by the dust such that only small tips of their X-structures are visible
above their dust lanes.
When we applied our method for determining the X-structure
parameters (see Sect. 3) to the selected sample, we found out that
for many galaxies the decomposition procedure (Sect. 3.2) does
not converge to a robust model of the X-structure. There are sev-
eral reasons for this. Perhaps, the most common issue is a small
apparent size of the galaxy, and especially of the X-structure. Even
if the X-structure is clearly detected by eye, it often covers too few
pixels in the image to be fitted automatically. In many galaxies the
X-structures are strongly obscured by the dust lane such that only
their tips are visible. These X-structures are also easy to detect by
eye but very difficult to process automatically, especially when the
dust lane appears to be clumpy.
The final sample of galaxies for which our analysis was suc-
cessful consists of 19 galaxies with the optical SDSS photometry,
and of 3 more galaxies with available IRAC 3.6µm observations.
Thus, our sample cannot be considered as complete since it is likely
biased towards bright massive galaxies, in which the most promi-
nent X-structures are detected. We will refer to this sample of 22
galaxies as to the subsample.
1 http://www.sdss.org/dr12/
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Table 1. General parameters of the subsample galaxies with central X-
structures
Name T Mr g − r d25 z
mag mag arcmin
PGC 24926 2.0 -19.36 0.89 1.70 0.0054
PGC 26482 3.1 -20.66 0.90 1.17 0.0287
PGC 28788 0.5 -20.35 0.74 0.85 0.0178
PGC 28900 0.9 -21.55 0.81 1.00 0.0214
PGC 32668 0.0 -20.59 0.80 1.04 0.0215
PGC 37949 1.4 -20.82 0.93 1.32 0.0210
PGC 39251 -0.9 -20.73 0.73 1.69 0.0067
PGC 44422 0.4 -21.13 0.73 0.72∗ 0.0256
PGC 69401 1.0 -21.97 0.84 1.10 0.0312
PGC 34913 3.0 -20.89 0.90 1.91 0.0146
PGC 45214 1.0 -21.41 0.95 0.89 0.0406
PGC 10019 3.0 -20.96 0.82 0.78 0.0362
PGC 30221 3.0 -20.44 0.93 1.12 0.0209
PGC 55959 2.0 -21.38 0.91 1.02 0.0322
ASK 361026.0 4.6 -21.77 0.89 0.44∗ 0.0463
PGC 53812 3.9 -21.51 0.92 1.10 0.0359
PGC 02865 5.8 -20.01 0.86 1.78 0.0170
PGC 21357 3.3 -21.06 0.91 1.15 0.0393
PGC 69739 5.2 -20.92 0.94 2.00 0.0242
IC 2531 5.0 -22.49 – 6.60 0.0082
NGC 4013 3.1 -20.75 1.54 4.90 0.0027
NGC 5529 5.1 -22.23 0.85 5.75 0.0096
The columns show the name, morphological type, absolute magnitude in the
SDSS r band, extinction-corrected colour (g-r), and the diameter d25 from
HyperLEDA. The last column shows the redshift from the NED database.
∗: there is no diameter value in the HyperLEDA database, the values were
taken from the NED database.
Table 1 summarizes some general properties of the subsam-
ple galaxies. The morphological type T and apparent diameter of
the 25-th isophote in the B-band are taken from the HyperLEDA2
database (Makarov et al. 2014). The redshift values are taken from
the NED3 database. We computed absolute magnitudes in the r
band from our photometric models (see Sect. 3.2) using the lumi-
nosity distance and Galactic extinction values from the NED. The
colours were computed from our models and corrected for the ex-
tinction in the Galaxy. Utilizing the decomposition models instead
of the original images for the galaxy flux estimation allows one
to exclude the contamination from background objects, and also
solves the problem of the aperture size for performing the photom-
etry: one can integrate an analytical model over a wide range of
spatial coordinates to retrieve a precise value of the flux. The range
of the integration was set to be 10 times the major axis of the 25-
th isophote, to make sure that the total flux outside the integration
boundaries is negligible.
The average values of the type and the absolute magnitude are
〈T 〉 = 2.3±1.8, 〈M〉 = −20.9±0.6, which suggests that our sub-
sample consists of bright early-type spirals. The average observed
colour of the galaxies (〈g − r〉 = +0.86± 0.07) is also consistent
with edge-on early-type spirals (e.g., Bizyaev et al. 2014).
2 http://leda.univ-lyon1.fr/
3 NASA/IPAC Extragalactic Database,
https://ned.ipac.caltech.edu/
3 METHODS
In this section we describe the methods we used to extract pa-
rameters of the observed X-structures and their host galaxies. Our
pipeline consists of three main steps: (i) preparation of galaxy im-
ages and generation of object masks, (ii) photometric decomposi-
tion of the final galaxy images, (iii) and subsequent measurement
of the X-structure parameters.
3.1 Images preparation
We retrieved images of the subsample galaxies in the r band data
from SDSS DR12 (Eisenstein et al. 2011). Since some galaxies oc-
cupy more than one SDSS field (for example, if a galaxy is big
enough or located close to the field edge) we used the SWARP pack-
age (Bertin et al. 2002) to concatenate adjacent fields.
The second step was to determine and subtract the sky back-
ground from the images. The SDSS pipeline includes a back-
ground subtraction routine, however we decided to perform our
own background estimation to check for possible inaccuracies of
the initial background subtraction. The algorithm of the back-
ground estimation was as follows. First, using the SEXTRACTOR
code (Bertin & Arnouts 1996), we create a map of pixels which
are not occupied by any object in the image. Then we fit the back-
ground intensity by a two-dimensional polynomial of the first or-
der using only unmasked pixels. The weights of individual pixels
in the fit are set to be the distance from the pixel to the nearest ob-
ject. This allows us to minimize the influence of possible unmasked
faint wings of extended objects.
After that, we rotated the images to align the galactic major
axis along the x-axis. To estimate the position angle of the galaxy,
we used the method described in Martin-Navarro et al. (2012). The
main idea of the method is to measure the number of galaxy pixels
which lie inside of a strip of a given width as a function of the
position angle. The optimal value of the position angle is the one
which gives the highest number of such pixels.
The next step was creating the point spread function (PSF)
for every image of our subsample. Atmosphere blurring and tele-
scope optics (to a less degree) can severely affect measured struc-
tural properties of galaxies (Trujillo et al. 2001). To compensate the
effects of seeing during the decomposition process (see below), one
has to take into account the PSF of the image. In this paper we adopt
the Moffat (Moffat 1969) function as an analytical approximation
to the observed PSF. To retrieve the parameters of the Moffat func-
tion, we selected several good (not crowded, bright, but not satu-
rated) stars in the image and fitted them with the Moffat function.
Then these fit parameters of individual stars were averaged to ob-
tain robust values of the adopted PSF model.
The last step was creating the mask images to mask out back-
ground and foreground objects, the light of which can affect the
observed properties of the galaxies. To create the mask images, we
used catalogues of objects created with the SEXTRACTOR package
(Bertin & Arnouts 1996) with subsequent manual inspection of the
created masks.
The IRAC 3.6µm images of NGC 4013 and NGC 5529 were
downloaded from the Spitzer Survey of Stellar Structure in Galax-
ies archive4 (S4G, Sheth et al. 2010), along with the masks and
weight (one-sigma) images. The sky background has already been
4 http://irsa.ipac.caltech.edu/data/SPITZER/S4G/
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subtracted from these frames. For IC 2531 we used the observa-
tions available through the Spitzer Heritage Archive (the mosaic
*maic.fits and uncertainties *munc.fits files from the post-Basic
Calibrated Data). The sky background subtraction, rotation, cut out
from the initial frames, and masking were carried out in a simi-
lar way as the SDSS frames. To obtain PSF kernels for these three
galaxies, we used in-flight point response function (PRF) images
for the centre of the IRAC 3.6µm field5 downsampled to the 0.6
(IC 2531) or 0.75 (NGC 4013 and NGC 5529) arcsec/pixel scale
and re-rotated to correspond to the analysed galaxy frame (the typ-
ical PSF FWHM for the IRAC 3.6µm images is 1.66 arcsec).
3.2 The Photometric Decomposition
The decomposition of a galaxy image is a widely used approach to
obtain structural and photometric parameters of a galaxy. To per-
form the decomposition one has at first to construct a proper ana-
lytical model of the analyzed galaxy image and then find optimal
parameters of this model via some optimisation procedure. The fit
model should reflect the observed structure of the galaxy. It usually
consists of separate components, which represent structural compo-
nents of the galaxy. Below we describe the model which we adopt
in this work and the algorithm to find optimal parameters of the
model.
3.2.1 The model
The main components of our model are a bulge, a disc, and an X-
structure. The surface brightness distribution I(r) in the bulge is
modeled with the Sérsic function (Sérsic 1968):
I(r) = Ie exp
(
−νn
[(
r
re
)1/n
− 1
])
, (1)
where Ie is the effective surface brightness, re — the effective ra-
dius, n— the Sérsic parameter, and νn is a function depending on
n (Caon, Capaccioli, D’Onofrio 1993).
The surface brightness of the disc in the “edge-on” orientation
is usually represented by a two-dimensional function with the ver-
tical and radial scale lengths. In the literature, one can find some-
what different approaches to represent this function. In this work
we adopt it in the form consistent with that presented by Erwin
(2015):
I(r, z) = 2hL0
r
h
K1
( r
h
)
sech2/m
(
mz
2z0
)
, (2)
where h is the radial scale length, z0 is the vertical scale height,
K1 is the modified Bessel function, and L0 is the central luminos-
ity density. The observed central surface brightness is related to L0
as I0 = 2hL0. The last parameter is m, which is often set to a
constant value of 1, but in this work we set it as a free parameter of
the model. Note, that with m → ∞ the vertical light distribution
approaches the pure exponential shape (double exponential disc).
Taking into account this fact, we set the upper limit on m to be
20.0 since the further increasing of this parameter does not affect
the light distribution significantly: the difference between the disc
withm = 20 and the disc with a pure exponential vertical distribu-
tion is ∼ 10−3 in terms of the total sum or residuals, therefore we
can consider the discs with m = 20 as ones with the exponential
vertical profile.
5 http://irsa.ipac.caltech.edu/data/SPITZER/docs/irac/calibrationfiles/
To describe the observed surface brightness of an X-shaped
structure, we use the modified Ferrers profile (Ferrers 1877):
I(r) = I0
[
1−
(
r
rout
)2−β]γ
, r ≤ rout . (3)
The Ferrers profile has four free parameters: the outer radius
rout and the central intensity I0, along with two numerical values
β and γ, which control the overall shape of the profile. The Ferrers
profile has a central plateau with a steep decrease of the intensity
in the outer regions, and it is often used to describe bars (see e.g,
Laurikainen et al. 2007).
To add an X-shaped appearance to the Ferrers profile, we mod-
ulate it with them = 4 Fourier mode:
r = r0 (1 + a4 cos (4(φ+ φ0))) . (4)
Here, the coefficient a4 regulates the strength of the X-shaped dis-
tortion, and φ0 defines its overall rotation.
These three components described above (the disc, the bulge,
and the X-structure) are present in every photometric model of each
subsample galaxy. Although we strived to restrict the number of the
model components, in some cases we had to introduce additional
components (see below) when this simplified modelling was not
satisfactory.
An important galaxy component is a dust structure, which is
seen as a dimmed dust lane located close to the middle plane of
the edge-on oriented galaxy. The simplest approach to account for
the dust lane is to completely neglect it during the decomposition
or to mask out the dust-reach region of the disc, however this can
unpredictably affect the retrieved parameters of the decomposition.
A more sophisticated and precise way is to add an additional dust
component and run a radiative transfer code (see e.g. FitSKIRT,
De Geyter et al. 2014) to create a self-consistent decomposition
model, but this method is computationally consuming, especially
for a sample of several dozens of objects. In this paper, we take
the dust lane into account by adding it as a separate edge-on disc
(2) with negative intensity (in other words, the dust model is being
subtracted from the overall model of the galaxy in contrast with the
other “regular” components). We added this dust component only
for those galaxies where a dust lane was clearly seen.
Some galaxies in our subsample (for example, PGC 28900
and PGC 39251) demonstrate two blobs within the disc at both
sides of the X-structure. These blobs are not rare in galax-
ies with X-shaped structures and arise in orbit simulations
(Patsis, Skokos & Athanassoula 2002). In our model, we simulated
the presence of such blobs by adding an edge-on oriented, three-
dimensional ring with a Gaussian distribution of the luminosity
density along the radial and vertical directions. This model com-
ponent has four free parameters: the ring radius a, the luminos-
ity density J0 at this radius and two Gaussian scales, radial and
vertical. The observed two-dimensional brightness distribution is
computed by the line-of-sight integration through the ring. When
viewed edge-on, this model component appears as two bright areas
on both sides from the centre.
In order to simplify the decomposition of galaxies with addi-
tional components (a dust lane or a ring), we split the whole pro-
cedure into two steps. The first step is to find a relatively simple
"bulge+disc+X-structure" model. Then, in the second step, we add
a ring or a dust lane component utilizing parameters of the simple
model as initial conditions for the complex one.
We will refer hereafter to the galaxy model with all compo-
nents except for the X-structure as a host model.
MNRAS 000, 1–13
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All components of the model, along with their main described
above parameters, have a set of additional parameters which deter-
mines their appearance in the image. These parameters are coor-
dinates of the component centre xc, yc, ellipticity e, and position
angle PA.
3.2.2 The decomposition procedure
The aim of the decomposition procedure is to find the best-fitting
values of parameters of the multi-component model. These values
can be found via optimisation algorithms, such as the Levenberg-
Marquardt gradient descent algorithm (Levenberg 1944) or the
Nelder-Mead simplex algorithm (Nelder, Mead 1965). The main
issue here is to find proper initial parameters to pass them to op-
timisation iterations. If initial values are not close enough to their
optimal values, the optimisation process can converge to one of
possible local minima or even to singular points of the model func-
tion.
In this work we use the genetic algorithm (GA, Goldberg
1989) to find the initial conditions for gradient descent method. GA
is a computational algorithm for searching solutions of an optimi-
sation problem which simulates the natural selection process. The
main idea of GA is to represent possible solutions of the problem
as “organisms” with “genes” to be free parameters of a model. Dur-
ing the optimisation procedure these organisms evolve through the
“breeding” and “mutation” processes to find a gene combination
that minimises the fitted function:
f(g1, g2, ...) =
∑
i,j
wi,j [Iobs(i, j) − Imodel(i, j; g1, g2, ...)]
2 ,
(5)
where Iobs(i, j; ) is the observed intensity at the pixel with the co-
ordinates i and j, Imodel(i, j; g1, g2, ...) is the model intensity de-
pending on the particular set of genes, and wi,j =
1
σ2
i,j
are weights
computed from per-pixel errors. The summation is performed over
all unmasked image pixels. This function shows how close an or-
ganism to the solution of the problem is, and is called the fitness
function.
The fitness function (5) is computed for a number of organ-
isms (called a "generation"), and a subset of organisms is selected
based on the best values of the fitness function. These organisms
are used to create the next generation, and the cycling repeats until
converging to optimal values. The iterations start with a zero gener-
ation which consists of organisms with randomly chosen parameter
values.
In this work we set the generation size to be 250 organisms.
The zero generation was twice as large. The iterations stop if the
relative decrease of the generation-wide average value of the fitness
function is less then 10−6 for five generations in a row. To verify
the quality of the obtained via GA solution, we use it as an initial
guess to the gradient descent algorithm. We adopt the results of the
gradient descent algorithm as the final decomposition parameters.
We use the flexible IMFIT package (Erwin 2015) as a basis
for the decomposition engine. We modified its source code to in-
clude the X-shaped Ferrers function, and wrote a PYTHON6 wrap-
per to parallelize computations for a large set of “genetic" popula-
tions.
Estimating uncertainties of the parameters retrieved by this de-
composition procedure is a difficult task. The genetic algorithm
6 https://www.python.org
does not provide such estimates, and the gradient descent algo-
rithm, which is used in the IMFIT package, provides only the lower
limits of their values via the covariance matrix (Erwin 2015). One
way to find the parameters uncertainties is to run the entire decom-
position process several times. Since the startup procedure of the
genetic algorithm includes a random zero generation, every run can
converge to a slightly different model. One can use the scatter of the
parameters obtained in every rerun, to estimate the corresponding
confidence intervals.
Unfortunately, this approach is computationally expensive,
therefore we decided to apply it to just one galaxy of our sam-
ple, in order to obtain typical values of uncertainties of the model
parameters. We run the decomposition procedure 50 times for
PGC 24926 and retrieved the following relative standard deviations
of the parameters: δ(µe) = 13%, δ(re) = 17%, δ(n) = 11%,
δ(µ0) = 19%, δ(h) = 2%, δ(m) = 74%, δ(z0) = 4% (only
structural parameters given in Table 2 are listed). One can see that
the highest uncertainty is for the parameter which governs the verti-
cal shape of the disc,m. This can be caused by the dust attenuation
and/or insufficient resolution of the vertical structure of this galaxy
to reliably fit this parameter.
3.3 The X-structure analysis
The last step in the galaxy analysis is deriving parameters of its X-
structure. To reduce the influence of the other galactic components
(the disc, the bulge, etc. ) on the measured properties of the X-
structure, we subtract their models obtained during the decomposi-
tion from the original galaxy image. The residual image represents
the X-structure.
After that, for each ray of the X-structure we make a set of
photometric slices perpendicular to the ray direction and fit them
with a Gaussian function in order to find the location of the maxi-
mum intensity points on the ray. Then we trace their location with
a straight line, to obtain the mean direction of the ray. In the last
step, we derive the length of the ray (l) as a distance between the
galaxy centre and the point along the ray where its intensity be-
comes fainter then Ib + 3σb, where Ib and σb are the background
intensity and its uncertainty, respectively (this threshold roughly
corresponds to the surface brightness level of 24 mag arcsec−2
in the r band). Fig. 1 demonstrates a result of our analysis for
PGC 32668. Another parameter, which we obtain from this anal-
ysis, is the angle α between the ray and the galactic midplane.
Since the X-structure has four such rays, we performed this
analysis for every ray separately and set the final parameters of the
X-structure to be the mean values among all four rays.
Using the length of the obtained X-structure rays has a sig-
nificant advantage in the comparison with utilizing the parameters
of the Ferrers function. The Ferrers function does not contain any
characteristic scale length, such as re for the Sérsic profile and h
for the exponential disc. The parameter rout shows where the sur-
face brightness becomes exactly zero, but since the overall shape
of the light curve is governed by the two power-law values β and
γ, it is not evident where it goes through a given intensity level.
Also, it is not defined how to compare the sizes of the Ferrers com-
ponents with different β and γ. On the other hand, the length of
an X-structure ray measured in photometric profiles has a straight-
forward meaning: the length is measured down to a given intensity
level along the ray. We should stress here that the Ferrers com-
ponent in our model, which describes the X-structure, is added to
perform more reliable overall photometric decomposition of the
galaxy. Using this approach, we are able to better fit the major struc-
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Figure 1. An example of the X-structure analysis. The thin lines perpen-
dicular to the X-structure rays represent photometric cuts. The “+” sign on
each slice shows the maximum location along the slice. The long thick lines
show the linear fit to these points. The x-in-a-box signs indicate the limits
of the fitting (see text). The estimated parameters l and α are shown in the
image for one ray.
tural components of the galaxy and, at the same time, to better trace
the X-structure, defined as the residual between the galaxy image
and the major model components.
4 RESULTS
4.1 The galactic environment
Before going to the decomposition analysis, we need to investigate
the spatial environment of the galaxies with the X-structures. For
this purpose, for the 151 galaxies in our total sample we estimate
the number of neighbour galaxies using the SDSS DR12 database
(Eisenstein et al. 2011).
We define a galaxy as a neighbour if it satisfies a set of re-
quirements on its apparent angular distance from the target galaxy,
the difference of their magnitudes, and radial velocities. To obtain
more robust results, two different sets of such requirements were
used:
(i) ∆r < 15rpetro, ∆m < 2mag, |∆v| < 300 km/s ,
(ii) ∆r < 30rpetro,∆m < 2.5 mag, |∆v| < 300 km/s ,
where rpetro is the r band Petrosian radius of a target galaxy
and ∆v is the difference of radial velocities. The values of rpetro
and m are taken in the r band. We will call these two sets of pa-
rameters for searching for neighbour galaxies as test 1 and test 2
sets.
Since the SDSS spectroscopic database is limited to mr ≈
18mag (Strauss et al. 2002), we need to restrict our samples to
the magnitude mr = 16mag for the first set of parameters, and
mr = 15.5mag for the second one, otherwise the limiting magni-
tude for the neighbours search will exceed 18mag and the search
will be performed in an incomplete domain of SDSS. After this re-
striction, our sample of galaxies with X-structures was reduced to
117 objects for the test 1 and 92 objects for the test 2.
The results of the described spatial environment test can be
affected by some parameters of the galaxies: their apparent mag-
nitudes and redshifts (due to incompleteness of the spectroscopic
data for the faint end of the sample), and angular sizes (since the
search range depends on them). In order to take these issues into ac-
count, the comparison sample should contain galaxies with similar
distributions of these parameters.
The creation of the comparison sample was as follows. At
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Figure 2. The distribution of the galaxies by the number of neighbours for
the comparison sample (top) and our sample of galaxies with X-structures
(bottom) according to the test 2 conditions (see text).
the first step we selected all edge-on galaxies from the Galaxy
Zoo (Lintott et al. 2008) using the following restrictions on votes:
PEDGE > 0.95, PEL < 0.05, PCW < 0.05 and PACW < 0.05,
which means that only objects with high probability of being edge-
on galaxy and low probability of being elliptical or non edge-on
disc galaxy were selected. Then, for every galaxy in our main sam-
ple with X-structures we found all edge-on galaxies with similar
size (∆Rpetro < 20%), magnitude (∆mr < 0.2mag) and red-
shift (∆z < 0.01). Next, we checked images of all these similar
galaxies visually and removed those that demonstrate signs of be-
ing X-shaped or show boxy central isophotes.
After this step, for every galaxy with the X-structure from our
sample, we have got a set of galaxies with similar parameters, but
without apparent X-shaped structures. To finally form the compar-
ison sample, we randomly picked up one galaxy from every set. As
a result, we obtained the comparison sample with similar distribu-
tions by angular size, apparent magnitude, and redshift and with the
same size as our sample of galaxies with the X-structures.
Fig. 2 shows the distribution of galaxies of our sample and
the comparison sample by the number of neighbours according to
the test 2 conditions. The average number of neighbour galaxies
for our sample is 0.24 ± 0.05 for the test 1 set and 0.54 ± 0.10
for the test 2 set (the standard errors of the mean are shown here).
Corresponding values for the comparison samples are 0.19 ± 0.05
and 0.72 ± 0.14. For both tests, the difference between the main
number of neighbours lies within 2σ limit, so we cannot consider
this difference as statistically significant. We also used the two-
sample Kolmogorov-Smirnov test to check if the distributions of
galaxies by the number of neighbours are statistically different. The
p-value (the probability of the null hypothesis) is 0.90 and 0.99
for the test 1 and the test 2 respectively, which means that these
distributions are statistically indistinguishable.
This result is in agreement with Shaw (1987), where the anal-
ysis based on a sample of 23 galaxies with X-structures did not
reveal a tendency of such galaxies to be located in a denser envi-
ronment.
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4.2 The decomposition of galaxies
Fig. 3 demonstrates results of the decomposition for three galaxies:
PGC 69401, PGC 53812, and PGC 28788. The top panels show
original images of the galaxies in the r band, the middle ones are
the obtained models, and the bottom ones are the residuals (i.e.,
“image–model”). We applied three different models for these three
galaxies. Our basic model consists of a disc, a bulge, and an X-
structure (PGC 69401). The model of PGC 53812 contains the dust
lane as an additional component, while the model of PGC 28788
also includes an edge-on ring (which can be seen as two bright
blobs on both sides of the X-structure).
Below we provide results of the decomposition of galaxies
from our subsample. We start with description of host galaxies
(i.e., we list the parameters of main photometric components: the
disc and the bulge) and then proceed with the parameters of the
X-structure.
4.2.1 Host galaxies
Table 2 shows main structural parameters of the host galaxies: the
effective surface brightness µe, the effective radius re, the Sérsic
index n of the bulge; and the central surface brightness µ0, the
radial h and vertical z0 scales, and the vertical shape of the light
curvem of the disc. The values are given for the r band for galaxies
taken from SDSS and for the IRAC 3.6µm band for galaxies with
available Spitzer observations (three bottom lines in the table); the
absolute magnitudes, along withµe and µ0 values, are corrected for
the foreground Galaxy extinction according to the NED database
(Schlafly & Finkbeiner 2011).
The last column in Table 2 shows the type of additional com-
ponents (a ring or a dust lane) which were used in the decomposi-
tion model. One can see that for most galaxies either a dust compo-
nent or a ring was added. Moreover, almost all galaxies that do not
have a prominent dust lane, contain a ring component. This feature
can be common in galaxies with X-structures. In many cases the
rings may be obscured by dust.
We should emphasize that the values provided in Table 2 may
be distorted by the dust lane attenuation because all galaxies are
observed at the edge-on orientation where the dust influence is se-
vere. This is especially significant for the bulges, which are seen
entirely inside of the dust lane. However, our main goal of this de-
composition is to separate the host galaxy light from the light of the
X-structure, such that it can be analysed independently.
The mean value of the exponential scale in our subsample is
〈h〉 = 3.9 ± 1.3 kpc (only galaxies from SDSS are taken into ac-
count). This means that the galaxies in our sample are comparable
to or larger than the Milky Way (the exponential scale lengths of
the Milky Way are 3.00 ± 0.22 and 3.29 ± 0.56 kpc for the thin
and thick disks respectively according to MacMillan 2011).
4.2.2 The X-structures
Fig. 4 shows central regions of the images after subtracting from
them the obtained models for the host galaxies. Different kinds of
the X-structure shapes are clearly distinguishable: almost box-like
in PGC 45214, with straight “rays” in PGC 28788 and PGC 32668,
and the infinity sign-shaped in PGC 28900. One can also notice
different axis ratios of the X-structures.
In the last two columns of Table 2 we list the parameters of
the X-structures: the mean length of the rays l measured in kpc
and normalised by h (values in brackets), and the mean angle α
between the rays and the disc midplane. Fig. 5 demonstrates the
distributions of the α and l in the X-structures. The average values
of these parameters are 〈α〉 = (26.1 ± 5.1)◦and 〈l〉 = (1.18 ±
0.50)h.
Since the most favoured scenario of the X-structure formation
includes a bar, we decided to compare the observed distribution
of the sizes of the X-structures for galaxies of our subsample with
the distribution of bar sizes for galaxies viewed at a non edge-on
orientation (i.e. for galaxies whose bars can be directly observed).
We took observed bar sizes from Gadotti (2009), where the decom-
position results of ∼ 1000 SDSS galaxies are provided. The mean
exponential scale of barred galaxies from this sample is 3.20±1.25
kpc, which is similar to the mean value of our sample 3.95 ± 1.30
kpc.
Fig. 6 shows the comparison of the X-structure semi-major
axis size distribution (in projection on the galactic midplane) and
the distribution of the bar sizes, both scaled to the disc expo-
nential scale. One can see that the length of the semi-major axis
for the most extended bars is approximately 2.5 h, therefore, one
should not expect the X-structures to be larger than that. Indeed,
The semi-major axis of all X-structures in our sample lies be-
low this value. Moreover, the size of the X-structures is sys-
tematically smaller than the size of the bars: the maximum of
the distribution of the X-structure sizes lies just above 1 kpc,
whereas the distribution of the bar sizes reaches its maximum at
about 1.7 kpc. This result is consistent with previous conclusions
by Erwin & Debattista (2013), Herrera-Endoqui et al. (2015), and
Erwin & Debattista (2017), who found that the spatial extent of the
X-structures is about 0.38–0.54 of the bar length in moderately in-
clined galaxies.
Fig. 7 shows the relationship between the observed size of the
X-structures and their vertical-to-lateral axis ratio. One can see that
bigger X-structures have smaller axis ratios, in general. This can
be easily explained within the bar-driven scenario. The observed
length of the X-structure depends on the orientation of the bar with
respect to the line of sight: the length is the largest when the bar is
oriented perpendicular to the line of sight and gradually decreases if
the bar is rotated toward the end-on orientation. On the other hand,
the observed height of the X-structure should remain the same re-
gardless of the bar orientation (as long as the observer stays within
the disc midplane). Therefore, the observed height-to-length ratio
varies with changing of the bar viewing angle.
4.2.3 The case of NGC 4013 and NGC 5529
As was mentioned above, two galaxies in our subsample,
NGC 4013 and NGC 5529, have both SDSS and Spitzer images.
The dust lanes in these galaxies are extremely prominent and
our approximate method of taking dust into account by adding a
new dust component failed to fit a model. Instead, we started with
decomposition in the IRAC 3.6µm band where the dust influence
is relatively small. Then we masked out dusty regions in the optical
images and used the IR model as a starting point for the decompo-
sition in the optical bands. The relatively wide PSF of the 3.6µm
image did not allow us to resolve a bulge for NGC 4013 and, there-
fore, the decomposition process converged to an unrealistic model
with re = 0.1 kpc.
Unfortunately, the inner parts of the X-structures in the optical
bands are completely hidden by the dust lanes in these two galax-
ies. This circumstance did not allow us to perform the described
above X-structure analysis and to obtain α and l values in order
to compare them with their IR counterparts. The only reliable pa-
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Figure 3. Results of the decomposition of three galaxies, left to right: PGC 69401, PGC 53812, PGC 28788. Top panels — the SDSS r band images, middle
ones — models, bottom — residuals “image−model”. Three different models are shown: the most simple (bulge+disc+X-structure) for PGC 69401, with an
additional dust lane for PGC 53812, and with an additional edge-on ring for PGC 28788.
Name µe re n µ0 h m z0 l α add. comp.
mag/′′ kpc mag/′′ kpc kpc kpc (h) deg
PGC 24926 19.53 0.5 1.5 19.24 1.47 3.59 0.42 2.01 (1.37) 21± 3 dust
PGC 26482 21.50 1.9 3.2 19.40 4.44 1.10 0.41 3.99 (0.90) 28± 2 dust
PGC 28788 21.38 2.2 4.5 20.32 1.94 0.78 0.44 2.61 (1.35) 26± 1 ring
PGC 28900 19.79 1.4 3.7 21.24 5.12 2.14 1.29 6.09 (1.19) 22± 1 ring
PGC 32668 18.78 0.6 1.4 20.45 1.87 6.30 0.82 3.93 (2.10) 29± 0 ring
PGC 37949 20.88 1.4 2.1 18.84 4.03 3.90 0.91 7.14 (1.77) 28± 4 dust
PGC 39251 19.49 1.0 4.2 20.73 2.72 2.48 0.92 3.70 (1.36) 15± 2 ring
PGC 44422 18.86 0.5 4.3 19.62 3.74 1.41 0.64 4.23 (1.13) 23± 2 ring
PGC 69401 20.23 1.3 3.8 18.91 5.05 1.86 0.77 5.95 (1.18) 27± 3 —
PGC 34913 21.44 1.3 2.5 18.74 4.34 20.00 0.66 3.56 (0.82) 27± 4 dust
PGC 45214 19.81 1.5 0.7 17.93 3.72 12.91 0.59 7.74 (2.08) 28± 1 dust
PGC 10019 20.62 2.1 1.2 18.37 3.65 6.18 0.54 5.88 (1.61) 24± 6 dust
PGC 30221 20.87 1.6 1.6 19.08 3.09 2.98 0.47 4.32 (1.40) 20± 2 dust
PGC 55959 21.05 1.9 2.3 18.41 3.94 20.00 0.25 6.02 (1.53) 25± 2 dust+ring
ASK 361026.0 19.57 1.7 4.0 21.50 5.79 1.30 1.38 6.83 (1.18) 22± 2 ring
PGC 53812 21.00 0.9 1.0 19.10 5.42 10.94 1.08 7.10 (1.31) 26± 1 dust
PGC 02865 24.25 4.2 3.5 17.50 3.28 3.46 0.41 4.10 (1.25) 32± 1 dust
PGC 21357 20.77 4.5 0.8 19.76 5.54 4.24 0.40 4.54 (0.82) 35± 3 dust
PGC 69739 22.31 2.6 4.0 19.66 5.88 1.66 0.61 3.76 (0.64) 27± 1 dust
IC 2531 21.11 1.2 4.7 24.07 8.25 20.00 0.62 2.81 (0.34) 29± 1 —
NGC 4013 17.63 (0.1) 1.8 22.52 1.90 20.00 0.38 0.68 (0.36) 22± 1 —
NGC 5529 21.79 1.2 3.3 22.84 8.00 20.00 0.25 2.00 (0.25) 38± 2 —
Table 2. The structural parameters of the subsample galaxies: the effective surface brightness (µe), the effective radius (re) and the Sérsic index (n) of the
bulge; the central surface brightness (µ0), the radial exponential scale (h), them-value and the vertical scale (z0) of the disc; the mean length of X-structure
rays (l) and the mean angle between rays and the disc plane (α). All values are estimated in the r band. The last column shows the additional components of
the model. The three bottom rows contain characteristics of the galaxies observed with the Spitzer telescope.
rameter that can be compared is the ellipticity e = 1 − b/a of the
X-structure obtained from the photometric model. This parameter
has close values for the optical (r band) and IR images: 0.32 and
0.28 for NGC 4013, 0.34 and 0.34 for NGC 5529.
5 N-BODY MODELLING
5.1 Simulations
In order to interpret the results of our photometric decomposition,
we perform a set of N -body simulations and use snapshots of ob-
tained models as input data to the procedure that we applied to
the subsample of real galaxies. In our study we adopted a fiducial
N -body model of the Milky Way which has been considered by
MacMillan & Dehnen (2007).
The initial conditions of our simulation comprise three com-
ponents: the disc, the bulge, and the dark halo. All three are live,
i.e. described self-consistently, in order to allow exchange of an-
gular momentum and, thus, a full bar growth (Athanassoula 2002,
2003).
The initial disc has an exponential surface density profile with
a vertical structure modeled with isothermal sheets
ρd(r, z) =
Md
4πh2z0
exp(−r/h) sech2
(
z
z0
)
, (6)
where R is the cylindrical radius, h is the disc radial scale length,
z0 is the disc scaleheight, andMd is the total disc mass.
The dark halo model is a truncated NFW
halo (Navarro, Frenk & White 1996, 1997) with the initial
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Figure 4. The central regions of the subsample galaxies after the host galaxy subtraction. The central X-structures are clearly visible. IRAC 3.6µm images for
the three galaxies are shown in the bottom row. The white bars in the bottom left corner of each image show the 10” scale. The dark features in the images are
masked regions.
volume density
ρh(r) =
Ch · T (r/rt)
(r/rh)(1 + r/rh)2
, (7)
with T (r/rt) = 2/(exp (r/rt) + exp(−r/rt)), where r is the
radius, rh and rt are the halo core and cut-off radii, respectively,
and the constant Ch is a parameter defining the full mass of the
haloMh.
The bulge is modeled with a Hernquist (1990) density profile
ρb(r) =
Mb rb
2πr(rb + r)3
, (8)
where rb is a scale parameter andMb is the total bulge mass.
We choose the units of these parameters such that the New-
ton’s constant of gravity G = 1, h = 1, andMd = 1. We assume
that the initial disc scale height is z0 = 0.05, the bulge mass is
Mb = 0.2, and scale length is rb = 0.2. Scaling these values to the
MilkyWay disc, taking h = 3.5 kpc andMd = 5×10
10 M⊙, gives
the time unit of ≃ 14Myr, and the velocity unit of ∼ 250 km s−1.
For the halo we take the scale radius as
in MacMillan & Dehnen (2007) rh = 6, the truncation ra-
dius rt = 60, and the mass Mh = 24. Within a sphere of radius
r = 4h the ratioMh(4h)/Md = 1.56.
In our tests the halo has 1 200 000 particles, the bulge – 40 000
and the disc – 200 000.
The initial conditions are built using the script
mkgalaxy (MacMillan & Dehnen 2007) from the package
NEMO (Teuben 1995). In the first step, the spherical initial
conditions for the halo and the bulge in the presence of the
monopole part of the disc potential as external potential are
generated. Then both spheroids are adjusted to the presence of
the full disc potential, rather than to only its monopole. The final
step is to populate the disc component. In this step the potential
of the halo and bulge are considered as external. The smoothed,
azimuthally averaged potential of these components is described
by the potential expansion.
The model evolves from the initial conditions with a dynam-
ically cold disc, such that the Toomre parameter (Toomre 1964)
Q = 1.2 at radiusR = 2h. To simulate the evolution of the models,
we use the fast N -body code gyrfalcon (Dehnen 2000, 2002).
The gravitational softening lengths are ǫ = 0.02 for the disc and
bulge particles, and 0.04 the for halo particles. We vary the inte-
gration time step according to the rule 0.1
√
ǫ/|~a|, where ~a is the
gravitational acceleration. The opening angle was set to 0.6.
It has been long recognized that cool discs are unstable with
respect to the bar-like instability (see a review by Sellwood 2013).
In both cases we observe the formation of a bar after t = 50. The
bar grows, and after t = 100 it experiences the buckling instability
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Figure 5. The distribution of the angle α (top) and lengths normalized by h
(bottom) of the X-structures.
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Figure 6. The size of the X-structures obtained in this work (top) versus the
bar size from Gadotti (2009) (bottom). Values are normalised to the disk
exponential scale-length.
that results in the formation of an X-structure. Fig.8 shows the disc
at t = 200.
5.2 The analysis of the N -body simulated images
In this section we present results of the decomposition of our N -
body model images described above. The big advantage of a N -
body modelling approach is that we can control the orientation of
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Figure 7. The relation between the X-structure semi-major axis size and
its minor-to-major axis ratio. Circles — SDSS objects, stars — objects
observed in the IRAC 3.6µm band. The open circles connected with the
line represent the N -body simulations with different orientation (PA). (see
Seq. 5.2).
Figure 8. Log-scale density diagram of the edge-on view along the bar mi-
nor axis of the simulated disc. The presence of an X-shaped structure is
clearly visible.
the galaxy and investigate how the observed parameters of the X-
structure vary when we change the point of view.
We performed the decomposition of simulatedN -body model
images generated for different points of view. We took N -body
snapshots for t = 200 at different points of view and gridded them
into a 2D dataset by binning the x-z coordinates of all particles to
a regular rectangular grid, keeping in each cell the logarithm of the
number of particles. Then we used the NEMO tools to convert the
gridded image into the FITS-format. The prepared this way data
we considered as ’observables’ and analyzed them as described in
Sect. 3.
Fig. 9 shows a set of N -body images after the subtraction of
the host photometric model. These images represent the same snap-
shot of theN -body model (t = 200) viewed from different angles:
the bar position angle varies from 90◦(the bar is perpendicular to
the line of sight) and to 15◦(the bar is almost parallel to the line
of sight). One can clearly observe how appearance of the X-shaped
structure gradually changes from a strong X-like shape to a boxy
one with the rotation of the galaxy.
Fig. 10 demonstrates how the a4 Fourier mode and the X-
structure axis ratio changes with the bar orientation. As expected,
the Fourier mode grows gradually as the bar orientation goes to-
ward the side-on orientation, while the axis ratio gradually de-
creases. We argue that the behaviour of the axis ratio, which is
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Figure 9. The images of the N -body models after the subtraction of the host model for different viewing angles from 90◦(the bar is perpendicular to the line
of sight) to 15◦(the bar is almost parallel to the line of sight). The model images were convolved with a Gaussian kernel with FWHM of 3 pixels.
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Figure 10. The dependence of the a4 Fourier amplitude (top) and the axis
ratio (bottom) of the X-structure as a function of the bar position angle.
PA = 0◦ is the orientation when the bar is parallel to the line of sight.
shown in the bottom panel of Fig. 10, is responsible for the rela-
tion shown in Fig. 7, and which we observe in the real galaxies of
our subsample.
To show how the galaxy moves in Fig. 7 with changing its po-
sition angle, we measured the size of theN -body X-structure along
the x- and y-axes for different orientations of the model and ploted
these values, along with the data for the subsample galaxies (white
circles). The rightmost point corresponds to the bar orientation per-
pendicular to the line of sight (0◦), and each next point demon-
strates the addition of 15 degrees, i.e., the leftmost point shows the
60◦ orientation. One can see how the galaxy moves to the left when
the position angle increases. A high value of the minor-to-major
axis ratio for the leftmost point, which lies considerably above the
points for the subsample galaxies, can be explained by a high value
of the position angle for this point: real galaxies viewed from this
angle probably will not demonstrate a prominent X-structure.
To compare the observed size of the X-structure with the bar
size, we gridded the face-on projection of our N -body snapshot.
Then we made a contour representation of a 2D image map and de-
fined the distance along the major axis of a bar where the ellipticity
of isodensities drops abruptly to zero. This distance estimates the
extension of a bar 1.75h. The procedure is similar to that described
by Athanassoula & Misiriotis (2002). The size of the X-structure is
about a half of the bar size. This result is in agreement with previ-
ous findings.
Another result we notice is the difference between the axis
ratio in the real and simulated galaxies. The axis ratio in the models
spans roughly from 0.6 to 0.8 for different orientations, whereas the
axis ratio in the real galaxies can be as low as 0.4. Our model does
not explain the existence of very flattened X-structures with the axis
ratio less than ∼ 0.6. Perhaps, such flattened structures may form
in galaxies with more massive dark haloes, but it is a subject of a
further investigation.
6 CONCLUSIONS
In this work we consider a sample of galaxies with prominent X-
shaped structures at their centres. We develop a procedure for esti-
mating the geometric parameters of the X-structures along with the
parameters of their host galaxies. The procedure is applied to the
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subsample of galaxies. In order to interpret the obtained results, we
performN -body simulations of a MilkyWay-like galaxy and apply
the same decomposition procedure to the simulated images.
Our main results are as follows:
(i) galaxies with the X-structures reside in approximately the
same local spatial environment as galaxies without such features;
(ii) we estimate the structural parameters of the X-structures;
(iii) the distribution of the X-structures by its apparent size
shows amaximum at about 1.1 disc exponential scale lengths which
is in agreement with previous findings drawn by other authors for
face-on galaxies.
(iv) There is a relation between the observed size of the X-
structure and its axis ratio, which can be explained by the projection
effect when a bar is viewed from different position angles.
(v) We applied our decomposition procedure to the images cre-
ated via theN -body modelling. The results for them are in qualita-
tive agreement with those for the real galaxies.
Our main results confirm the bar-driven scenario of the X-
structure origin. Although the analysis of our N -body simulations
is in agreement with the results for the subsample galaxies, the
characteristics of the X-structure for some galaxies significantly
differ from the simulated ones. This requires a further investigation
on a set of realisticN -body models with different input parameters,
including the shape and the mass of the dark halo.
Another direction of a further development of this work is to
apply our approach to a wider sample of galaxies. Application of
our methods to the subsample, based on the optical SDSS images,
showed that obscured by dust central regions of a galaxy is a big
issue. A possible solution is to use edge-on galaxies with prominent
X-structures from the S4G7 catalogue (Sheth et al. 2010). The fact
that we have successfully applied our procedure to the NIR images
of the three galaxies, for which it failed in optics, shows that it is
possible to apply our method for a larger sample of objects.
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